Introduction {#Sec1}
============

Over the past decades, optical phased arrays (OPAs) have attracted significant attention owing to their promising capabilities of non-inertial optical beam forming and steering. By manipulating the specific spatial distribution of the amplitudes and phases emitted from individual optical antennas, OPAs can form the desired radiation patterns through far-field interference, which enables numerous applications, such as laser radar (Lidar), 3D imaging, display, and optical communications^[@CR1]--[@CR7]^. Several types of OPAs, such as laser arrays^[@CR8]--[@CR12]^, liquid crystals^[@CR13]--[@CR18]^, as well as micro-electro-mechanical systems (MEMS)^[@CR19]--[@CR24]^, have been proposed and demonstrated. However, the application of these OPAs is limited by challenges of large-scale integration or high-speed operation, which are crucially important for several applications.

The recent development of silicon photonics provides a new approach to realizing OPA systems. A large-scale OPA with thousands or an even greater number of pixels can be integrated on a single, compact, and low-cost chip. Besides, its fabrication process is fully compatible with the conventional complementary metal--oxide--semiconductor (CMOS) technologies, making it suitable for mass production. Several prototypes of silicon OPAs have been reported, and an OPA consisting of 64 × 64 pixels has been demonstrated^[@CR25]^.

Phase manipulation is one of the key functions for realizing an integrated silicon OPA. Different mechanisms, such as thermo-optical (TO) modulation^[@CR25]--[@CR31]^, MEMS^[@CR19]--[@CR24]^, as well as electro-optical (EO) modulation^[@CR32]^ have been adapted to control the phases of the emitted beams. Among these, EO modulation has been considered as the most promising choice owing to the significant advantage of its response time^[@CR33],[@CR34]^. As the typical response time of MEMS and TO modulation is only approximately several microseconds (\~*μ*s)^[@CR19],[@CR35]^, EO modulation can be more competitive for high-speed applications.

The main drawback of EO modulation comes from its low modulation efficiency. Due to the poor efficiency of the plasma dispersion effect, EO phase shifters are quite sizeable (with waveguide lengths up to hundreds of *μm*). As a result, a silicon OPA must be divided into different regions for phase shifters and optical antennas; hence, the complexity of the optical and electronic interconnections exponentially grows with the size of the OPA. Alternatively, a modularized design has been proposed to reduce the complexity of interconnections. Two main functional parts, specifically a TO modulation based phase shifter and an optical antenna, are integrated as a "pixel" to construct an OPA^[@CR25],[@CR35],[@CR36]^. A waveguide bus has also been adapted to distribute the light, and a series of row/column control wires is used as the fabric of electronic interconnections.

The modularized design has shown considerable advantages and potential in realizing large-scale silicon OPAs. Although TO modulation is more efficient than EO modulation, its low modulation speed is its main drawback. In this work, we propose a modularized blueprint for a large-scale silicon OPA, by using micro-ring phase shifters as EO modulation pixels. Owing to the enhancement of optical resonance within the micro-rings, such a phase shifter can achieve high modulation efficiency, compact footprint, and maintain high modulation speed at the same time. We propose a pixel design consisting of a directional coupler, EO-based micro-ring phase shifter, and an emitting optical antenna. A waveguide distributed network and an electronic control fabric are adapted to realize a suitable complexity of the interconnections.

Owing to the improvement of the modulation efficiency, introduced by the optical resonance, sufficient phase changes can be achieved in an integrated "pixel" with small footprint, and as a result, the OPA can be "modularized". However, the sharp optical resonance also causes unwanted intensity modulation, specifically, different phase shifts are accompanied by non-uniform insertion losses, which can degrade the performance of the OPA. Therefore, an accurate balance must be found between the modulation efficiency and the accompanied intensity modulation. Nevertheless, as optical resonances are susceptible to the imperfections in fabrication, the resonance wavelengths, as well as the Q factors of the micro-rings, shift and fluctuate due to the fabrication faults bringing more challenges to the fabrication process.

In this work, we present a two-dimensional (2D) OPA with a size of 32 × 32 pixels, in which the EO micro-ring pixels are suitably designed to achieve balanced performance in terms of modulation efficiency, intensity uniformity, and fabrication robustness. The micro-ring works in an over-coupled condition with a Q factor of \~2700 with an evanescent coupling gap of 150 nm. We proved that the accompanying intensity modulation does not degrade severely the performance of the OPA. Confirmed by a series Monte Carlo simulations, the device is robust and feasible with respect to the fabrication precision required by the state of the art silicon photonics foundries.

The remainder of this paper is organized as follows. In Section *System architecture and key components* we present the architecture of the modularized silicon OPA with EO micro-ring pixels, and analyze the characteristics of the key individual components, respectively. In Section *System performance and tolerance analysis* we discuss the performance of a 2D OPA with 32 × 32 pixels, as well as its tolerance to the fabrication imperfections. In Section *Section Conclusion*, we conclude our findings.

System architecture and key components {#Sec2}
======================================

The proposed modularized architecture of the silicon OPA system is schematically illustrated in Fig. [1](#Fig1){ref-type="fig"}. The incident light generated by a coherent laser source is split by a cascade multi-mode interferometer (MMI), and then coupled into several waveguides, operating as "light buses" to distribute the light into the individual OPA units or "pixels". Each pixel consists of three functional parts, including a directional coupler, which drops the incident light by evanescent coupling; a micro-ring phase shifter, using the plasma dispersion effect to manipulate the phases of the light beam; and an arc-shaped optical antenna, which emits the light into free space. This modularized EO pixel is the fundamental building block in the construction of the large-scale silicon OPA system. A set of column and row metal wires is connected to the *N* ^++^ and *P* ^++^ contacts of the individual micro-ring phase shifters, which work as addressable "control buses" to manipulate the voltages applied on each micro-ring. By incorporating a large number of the EO pixels, the sophisticated far-field patterns desired can be achieved by the interference of the emissions from the individual optical antennas.Figure 1Schematic of the silicon OPA architecture consisting of a series of modularized, EO modulation based micro-ring pixels; a set of light buses for distributing the incident light; and a set of control buses for electronically manipulating the optical phases.

The proposed architecture is modularized, as all functional parts have been integrated into a single pixel. Consequently, such an OPA system does not need to be divided into separate modulation region and emission region, which can significantly reduce the complexity of the optical and electronic interconnections. In the following parts of this section, we present further details of these key components in the proposed OPA system.

Directional coupler {#Sec3}
-------------------

In every EO pixel, a directional coupler is employed to evanescently drop the incident light from the light bus into the micro-ring. Considering the state of the art precision of the fabrication process, we investigate the gaps from 100 nm to 300 nm around *λ* = 1550 nm. As shown in Fig. [2(a)](#Fig2){ref-type="fig"}, the coupling efficiency can be tuned by the length and gap of the coupling region, which sets the micro-ring to be either over-coupled or critical-coupled. As discussed in the following section, the Q factor can be remarkably high when the micro-ring and coupler working under critical-coupling condition, which can exhibit a serious problem for the OPA because it causes an unacceptable uniformity in the intensity with respect to the different phase modulations. In this work, we found that a gap of 150 nm can be optimal to make the micro-ring working under the over-coupled condition.Figure 2Coupling efficiency (**a**) and relative phase shift (**b**) with different coupling lengths and gaps. (**c**) Lengths of 3.1 *μ*m and 7.4 *μ*m under a gap of 150 nm, giving coupling efficiencies of 10% (−10 dB) and 50% (−3 dB).

Tuning the coupling length provides a freedom to compensate the losses during light distribution, in order to achieve the desired emission power at every EO pixel. As the pixels located differently in the light distribute network, their overall propagating losses (including the absorption and scattering losses) are not identical. For instance, a shorter coupling length can be chosen for the pixels, which are closer to the light source comparing to those, which are far away. Moreover, scatter losses, due to the imperfections of the fabrication, can also be compensated by tuning the coupling length during the adaptive and recursive optimizations of the fabrication process. However, as illustrated in Fig. [2(b)](#Fig2){ref-type="fig"}, the relative phase shifts brought by different coupling lengths may cause problems to such tunability. For a varying coupling length, the phase shift must be as flat as possible. As can be seen in Fig. [2(b)](#Fig2){ref-type="fig"}, from this perspective a gap of 150 nm also gives acceptable performance.

In particular, we present two typical coupling lengths at a gap of 150 nm (the blue insets in Fig. [2(c)](#Fig2){ref-type="fig"}): the lengths of 3.1 *μ*m and 7.4 *μ*m give coupling efficiencies of 10% (−10 dB) and 50% (−3 dB), respectively, and the relative phase differences between them are less than 0.05*π*. Besides, according to our experiments, the loss of the S-band bending is under 0.6 dB.

It should be noted that, certain well-designed, non-uniform distributions of the emission powers can benefit from the suppression of the side lobes^[@CR37]^. Tuning the coupling length can be an effective approach to distribute these non-uniform emission powers. As discussed in Section *System performance and tolerance analysis*, the non-uniform power distribution improves the OPA performance of side-lobe suppression ratio performance.

Micro-ring phase shifter {#Sec4}
------------------------

The micro-ring phase shifter is the most critical component in the EO pixel. By using the plasma dispersion effect, the EO modulation based micro-ring has been considered to be both high-speed and high-efficiency^[@CR38],[@CR39]^. To be compatible with the standard semiconductor process, we design an all-pass ring resonator on a silicon on insulator (SOI) wafer with a silicon layer thickness of 220 nm, and choose the width and height of the waveguide rib to be 450 nm, and 130 nm, respectively, and the radius *R* to be 10 *μ*m. The EO modulation region can be realized by doping boron and phosphorus elements in intrinsic silicon. The cross section is a typical transverse p-i-n structure of the ridge waveguide. The optical cavity in the middle is made by intrinsic silicon, and the active regions are doped with boron (*P* ^++^ doping, 10^20^/cm^3^) and phosphorus (*N* ^++^ doping, 10^20^/cm^3^), respectively. Besides, two *P* ^++^ regions are placed around the ring, in order to improve the modulation efficiency.

When a forward voltage is applied, the majority of carriers on both sides are injected into the intermediate intrinsic region, which leads to a change in the effective refractive index of the intrinsic region. The modulation of the refractive index is achieved by the carrier transportation, and as a result, it determines the modulation efficiency. The response speed is dominated by the carrier recombination time, which is typically within 10 ns. However, owing to the high quality factor of the optical cavity, a large enough phase shift can be achieved when the carrier injection has not yet reached the steady state, thus, the system response time can be further reduced to the scale of 1 ns or even less^[@CR40]^.

We present numerical simulations by using finite-difference time-domain (FDTD) and finite element method (FEM) algorithms, to investigate and optimize the optical and electrical characteristics of the EO micro-ring. Firstly, the optical modal patterns were calculated by using FDTD Solutions according to the structural and material parameters of the micro-ring, while the carrier transportation properties were calculated by Silvaco Atlas to obtain the carrier density distribution under a given voltage bias. Further, the change in refractive index induced by plasma dispersion is given by the Drude--Lorenz model at *λ* = 1550 nm, as^[@CR33]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}\alpha ={\rm{\Delta }}{\alpha }_{e}+{\rm{\Delta }}{\alpha }_{h}=8.5\times {10}^{-18}\,{\rm{\Delta }}{N}_{e}+6.0\times {10}^{-18}\,{\rm{\Delta }}{N}_{h}$$\end{document}$$where Δ*N* ~*e*~, Δ*N* ~*h*~ are the density modulation of electrons and holes, respectively. Thus, the phase and amplitude response can be calculated accordingly. As the carrier injection brings perturbations to the optical modal field, such calculation procedure can be performed in a recursive manner to achieve sufficient accuracy. As presented in Fig. [3(a)](#Fig3){ref-type="fig"}, for a given voltage bias from 0.4 V to 1.6 V (linear region marked by gray dashes), the effective refractive index of micro-ring is linearly modulated in about 5 × 10^−3^/100 mV. By increasing the voltage bias further, less effective modulation occurs due to the saturation of the carrier injection^[@CR41]^.Figure 3(**a**) Change of effective refractive index vs. bias voltage. (**b**) Change of maximum output intensity under different coupling gaps *g*. (**c**) The tuned resonance wavelength and the obtained amplitude and phase response for the coupling gap *g* = 150 nm. (**d**) Detailed intensity changes and phase shifts vs. bias voltage under *g* = 150 nm and *λ* = 1552.4 nm.

It should be noted that, the intensity and phase response of the micro-ring are simultaneously modulated when its resonance peak shifts. The normalized intensity *I* and phase shift *ϕ* can be written as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{array}{ll}I=\frac{{a}^{2}-2ra\,{\cos }(\theta )+{r}^{2}}{1-2ar\,{\cos }(\theta )+{(ra)}^{2}}, & \varphi =\frac{{a}^{2}-2ra\,{\cos }(\theta )+{r}^{2}}{1-2ar\,{\cos }(\theta )+{(ra)}^{2}}\end{array}$$\end{document}$$where *θ* = *βL*, with *β* being the propagation constant of micro-ring waveguide and *L* is the round trip length. *a* is the amplitude transmission coefficient with *a* ^2^ = *e* ^−*αL*^ and *α* is the attenuation coefficient. The self-coupling coefficient *r* and cross-coupling coefficient *κ* follow *r* ^2^ + *κ* ^2^ = 1 assuming that there are no losses in the coupling region^[@CR42]^. As the micro-ring works as a phase shifter, the accompanying intensity modulation is actually equivalent to those extra insertion losses, which are not identical with respect to the different phase shifts. As a result, the micro-ring has to work in an over-coupled regime (*r* \< *a*) to obtain a nearly flat response, which can minimize the effect of the unwanted intensity changes. The maximum intensity change and related Q factors for different coupling gaps *g* were calculated by simulations, as shown in Fig. [3(b)](#Fig3){ref-type="fig"}. In general, for the over-coupled regime, a larger *g* brings stronger coupling, resulting in a higher Q factor and modulation efficiency. However, at the same time, the change in intensity is more significant and can severely degrade the OPA performance. An accurate balance between the modulation efficient and intensity modulation has to be found.

Considering the results above, we present a specific implementation at *g* = 150 nm. In this case, voltage bias values of 0.4--1.3 V give a nearly full 2*π* phase shift with intensity changes of only 1.5 dB, the corresponding Q is approximately 2760 (assuming a waveguide loss of 3 dB/cm), *r* is \~0.85, and *a* is \~0.96. (Fig. [3(c)](#Fig3){ref-type="fig"}). For a given incident wavelength *λ* = 1552.4 nm (purple dash in Fig. [3(c)](#Fig3){ref-type="fig"}), the detailed intensity and phase responses are provided in Fig. [3(d)](#Fig3){ref-type="fig"}. The maximum intensity change is approximately 1.5 dB, which appears at the resonance peak. As discussed in a later section, such an EO micro-ring structure can provide a satisfactory performance for OPA systems.

Optical antenna {#Sec5}
---------------

The light is emitted from an optical antenna in the EO pixel. For an on-chip OPA system, a compact footprint is expected for an integrated optical antenna. Generally, grating couplers are used for the light emission with a length of typically a few dozen *μ*m^[@CR43]^. These are still too sizeable to be integrated into the EO pixel and also exhibit difficulties for the construction of 2D arrays. Here, we employ an arc-shaped grating coupler as the optical antenna, similar to those used by Sun. *et al*.^[@CR25],[@CR36]^.

An arch-shaped grating coupler is compact and easy to fabricate. We optimized its structural parameters for our purpose. The length of the arc-shaped antenna is 3.5 *μ*m and its width is 6.4 *μ*m. The period of the two adjacent arcs is 0.68 *μ*m and the gap between them is 0.39 *μ*m. Numerical simulations suggests that the antenna has 50° × 40° diffraction angles in its far-field pattern (Fig. [4(a)](#Fig4){ref-type="fig"}). A scanning electron microscope (SEM) image is shown in Fig. [4(b)](#Fig4){ref-type="fig"}. The arc-shaped antenna exhibits an excellent performance in the C-band. Our experimental results verify that the antenna has an insertion loss of only 4.5 dB to 6 dB around 1550 nm and has high fabrication tolerance.Figure 4(**a**) Far-field radiation pattern of the proposed arch-shape grating coupler as optical antenna. (**b**) SEM image.

Interconnections {#Sec6}
----------------

One of the main challenges in the realization of a large-scale integrated OPA comes from the difficulties of the interconnections. In a conventional OPA architecture, the system has to be divided into separated regions for the modulation and emission, mainly due to the sizeable dimensions of the phase shifter. As a result, the complexity of the interconnection exponentially increases with the size of the OPA, thus, the routing and layout of the optical and electrical paths become difficult.

In our proposed scheme, the light is distributed by backbone waveguides, referred to as "light bus", and then dropped into each pixel by the directional coupler. For an OPA with *N* × *N* pixels, only *N* light buses are required. Such degree of light splitting is feasible by adapting a cascade MMI or Y-branches light splitter.

To deliver the modulation signals to each of the pixels, an electrical interconnection fabric is required. As shown in Fig. [1](#Fig1){ref-type="fig"}, we used a "control-bus" structure to support the electrical interconnection. The row control buses (red lines) are contacted with the *P* ^++^ region and the column control buses (yellow lines) are contacted with the *N* ^++^ region. Electric signals are applied to tune the voltages between the rows and columns, which act on each of the EO pixels. When a certain voltage bias is applied between the *P* ^++^ and *N* ^++^ regions, it shifts the resonance wavelength of the micro-ring, leading to an effective phase response.

System performance and tolerance analysis {#Sec7}
=========================================

System design and performance {#Sec8}
-----------------------------

Based on the proposed modularized OPA architecture, we present an implementation of an on-chip OPA consisting of 32 × 32 = 1024 electro-optical pixels. Each pixel has a 50 × 50 *μ*m footprint, and the overall size of the OPA device is about 1.6 mm × 1.6 mm. The device can be fabricated in a commercial photonic foundry by using a standard CMOS process.

The far-field intensity distribution is determined by the interference of the emissions from the individual OPA pixels, which can be written as^[@CR1]^:$$\documentclass[12pt]{minimal}
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As mentioned earlier, the coupling length provides a freedom of tuning the power of light, which evanescently couples into each pixel. As a result, a non-uniform power distribution^[@CR37]^ can be realized to improve the side-lobe suppression ratio of the beam emission. Here, we present a series of coupling lengths (listed in Table [1](#Tab1){ref-type="table"}) for the proposed 32 × 32 system. For a state-of-the-art fabrication process, the precision of the length is set to 10 nm and the power fluctuation is under 0.2 dB, correspondingly. According to the results in Fig. [2(b)](#Fig2){ref-type="fig"}, the relative phase shifts between the individual pixels are less than 0.05*π*.Table 1Coupling lengths for the non-uniform power distribution.Number of CouplerCoupling Lengths (*μ*m)1--80.220.541.011.381.772.142.522.829--163.163.563.914.214.474.734.995.2217--245.405.545.645.725.735.695.615.4625--325.285.064.794.484.163.833.613.69

The performance of the non-uniform power distribution is quantitatively illustrated in Fig. [5](#Fig5){ref-type="fig"}. The far-field distributions for a series of system sizes are shown in Fig. [5(a)](#Fig5){ref-type="fig"}. Apparently, a large size is beneficial in realizing a narrowly diverged main-lobe and suppressing the amplitudes of the side-lobes. However, as shown in Fig. [5(b)](#Fig5){ref-type="fig"}, the non-uniform power distribution is also very effective for suppressing the side-lobe. The side-lobe suppression ratio (the ratio of the peak intensities of the main lobe and the first side lobe) improves from 13.2 dB to 27.4 dB with a slight broadening (\~0.01°) of the main lobe.Figure 5Far-field angular distribution of the beam emission. (**a**) For system sizes of *N* × *N*, where *N* = 16, 32, 64, and 128, respectively. (**b**) For the uniform and non-uniform power distributions in the system of a size of 32 × 32, the marks show the improvement of the side-lobe suppression ratio.

We further discuss the controllability of the proposed OPA. For simplicity, a zero phase *φ* = 0 is assigned initially, with a bias voltage of 0.85 V. Accordingly, the bias voltages of 0.4 V and 1.3 V give *φ* ≈ *π* and *φ* ≈ −*π*, respectively. In other words, a dynamic range of 900 mV in the bias voltage is large enough to support a phase shift from nearly −*π* to *π*. By tuning the bias voltages applied to the individual pixels, the phase distribution in the 2D array can be customized accordingly. As a result, a beam steering can be achieved.

Figure [6(a)](#Fig6){ref-type="fig"} shows a periodic bias voltage {0.85 V, 1.3 V} applied on each adjacent rows and columns, which gives a phase shift of {0, *π*}. Due to the accompanying intensity modulation discussed above, extra insertion losses are induced, which are {0, 1.5 dB}, respectively. As these phase shifts are induced by on- and off-resonance with a maximum range of the optical resonance shifting, it also gives an upper bound of the accompanying intensity modulation. The far-field pattern of a given phase distribution is shown in Fig. [6(b)](#Fig6){ref-type="fig"}, and its details along the x-axis cross section are shown in Fig. [6(c)](#Fig6){ref-type="fig"}. It should be noted that, even with an intensity change of 1.5 dB, the far-field pattern maintains a good performance with a side-lobe suppression of over 25 dB. Beam steering towards other angles can be similarly realized by applying lower bias voltages on the pixels, thus, the phase shift and the intensity change are smaller. The presented example is the worst case of OPA beam steering operation.Figure 6(**a**) Periodic bias voltage {0.85 V, 1.3 V} applied on each adjacent rows and columns. (**b**) Far-field pattern of beam steering. (**c**) Detailed angular power distribution in the x-axis cross section, with and without considering the change in intensity.

Tolerance to imperfections of fabrication {#Sec9}
-----------------------------------------

As the resonance wavelengths and the Q factors of the micro-rings are susceptible to fabrication faults and fluctuations, it is important to investigate the tolerance of the proposed OPA with respect to imperfections of fabrication. Such imperfections include stationary insertion losses (average value of random errors) and random fluctuated losses (standard deviation of random errors). The former stationary losses can be effectively compensated by tuning the coupling lengths of the individual pixels; however, certain residual errors can remain and contribute to the random fluctuated losses.

For an N × N square planar array, the root mean square (rms) of the pointing error with residual phase errors *δ* can be written as^[@CR44]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$rms=\frac{2\sqrt{3}\delta }{kd\,{\cos }(\psi )\,{(N-\mathrm{1)}}^{\mathrm{3/2}}}$$\end{document}$$For the presented 32 × 32 OPA, the maximum *ψ* is 1.78° and cos(*ψ*) within the full range of field are close to be constant. Therefore, for simplicity, *ψ* = 0 can be assumed, as it gives an appropriate approximation for the determination of the beam steering performance of the OPA in the full field of view.

Here, we first perform an analysis of the OPA under an intensity error Δ*I*/*I* in which Δ*I* represents the magnitude of deviation of the emission power from its designed value at a given pixel, as shown in Fig. [7](#Fig7){ref-type="fig"}. A series of Monte Carlo simulations were performed for a normally distributed random Δ*I*/*I* with a given standard deviation. In particular, we first randomly generated a set of 32 × 32 resonance wavelengths obeying to a normal distribution *N*(*I*, Δ*I*) to present the micro-rings in the same chip, and then calculated the performance of the OPA accordingly. We repeated this procedure 20 times for a given *N*(*I*, Δ*I*) as Monte Carlo runs, in order to simulate a series of batches of samples. For the intensity error Δ*I*/*I* = 0.75 (3.4 dB), the side-lobe suppression ratio remains about 20 dB, which is still appropriate for an operational OPA. The results verify that the proposed OPA has a good tolerance to the variation of the power distribution. Figure [7](#Fig7){ref-type="fig"} also provides an evaluation of the OPA performance under the accompanying intensity modulation. For a more sophisticated far-field pattern, the phase distribution on the 2D array is more "random" than periodic. As the upper bound of the intensity modulation is 1.5 dB and the inconsistency of efficiency of the grating coupler is 1.5 dB, it was expected that the side-lobe suppression ratio still remained above 20 dB under a 3-dB power variation in total.Figure 7Monte Carlo simulations of the intensity error induced by the imperfections of fabrication, in which Δ*I*/*I* is assumed to be a normal distribution with standard deviations of 0, 0.25, 0.5, 0.75, 1.0, respectively. (**a**) Averaged far-field angular distribution. (**b**) Side-lobe suppression ratio (dB) in a sequence of simulations.

One of the most important problems of the micro-ring arises from the variation of the resonance wavelengths and related *Q* factors due to the imperfections of fabrication. As the micro-ring modulator uses optical resonance to realize an effective phase shift, any variation of the resonances can directly result in fluctuations of the phase distribution on the OPA, thus, the far-field emission deviates from the designed pattern. To our knowledge, a state of the art fabrication technology can guarantee a device uniformity of \<1% within a chip. For a series of micro-ring resonators placed in a 300-mm wafer, the resonance wavelength variations were measured as 0.15 nm in short distance (25 *μ*m) and 0.55 nm in large distance (1700 *μ*m), respectively^[@CR42],[@CR45]^. Furthermore, 8 × 8 micro-ring switches were fabricated with a single optical input^[@CR46]^.

Similarly, we present a series of Monte Carlo simulations to investigate the tolerance of the system with respect to the variation of the resonance wavelength and *Q* factor. The resonance wavelength *λ* is assumed to be randomly shifted by a standard deviation Δ*λ*, which statistically obeys a normal distribution *N*(*λ*, Δ*λ*). As shown in Fig. [8](#Fig8){ref-type="fig"}, considering the same main-lobe divergence, the side-lobe suppression ratio degrades to 16 dB and 9.5 dB, with Δ*λ* of 0.3 nm and 0.7 nm, respectively. Nevertheless, the variation of *Q* factors, denoted by Δ*Q*/*Q*, were investigated. As shown in Fig. [9](#Fig9){ref-type="fig"}, the side-lobe suppression ratio remains above 20 dB, and even the standard deviation of Δ*Q*/*Q* is as large as 0.2. The side-lobe suppression ratio in the parameter space {Δ*I*/*I*, Δ*Q*/*Q*} is shown in Fig. [10](#Fig10){ref-type="fig"}. This indicates that in order to maintain a suppression ratio higher than 20 dB, the variation of Δ*I*/*I* and Δ*Q*/*Q* have to be controlled under \~0.75 and \~0.2, respectively. According to the discussion above, such precision is feasible according to the state of the art precision of the fabrication process.Figure 8Monte Carlo simulations of the resonance wavelength error induced by the imperfections of fabrication, in which Δ*λ* is assumed to be a normal distribution with standard deviations of 0, 0.1 nm, 0.3 nm, and 0.7 nm, respectively. (**a**) Averaged far-field angular distribution. (**b**) Side-lobe suppression ratio (dB) in a sequence of simulations. Figure 9Monte Carlo simulations of the *Q* factor error induced by the imperfections of fabrication, in which Δ*Q*/*Q* is assumed to be a normal distribution with standard deviations of 0, 0.1, 0.2, and 0.4. (**a**) Averaged far-field angular distribution. (**b**) Side-lobe suppression ratio (dB) in a sequence of simulations. Figure 10Side-lobe suppression ratio in the parameter space {Δ*I*/*I*, Δ*Q*/*Q*}.

Discussions {#Sec10}
===========

As mentioned above, the proposed OPA architecture can achieve a nearly full-range phase modulation (−*π* to *π*) with the modulation amplitude of about 900 mV. The device is quite robust against fluctuations in the fabrication. To maintain a side-lobe suppression ratio higher than 20 dB, its tolerance to the variation of the resonance wavelength is about 0.3 nm; the deviation of *Q* factor and power inequality are allowed as Δ*Q*/*Q* = 0.2 and Δ*I*/*I* = 0.75 (3.4 dB), respectively. Alternatively, to achieve a side-lobe suppression ratio higher than 10 dB, the variation of the resonance wavelength has to be below 0.7 nm; and the *Q* factor and power inequality have to satisfy Δ*Q*/*Q* = 0.4 and Δ*I*/*I* = 1.5 (8.5 dB). Therefore, for a system size of 32 × 32, the precision of controlling the Q factor and power inequality is feasible with respect to the fabrication process. The main challenge arises from the misalignment of the resonance wavelengths.

With state of the arts silicon photonic process, the resonance misalignment of micro-rings originates from the variations of the wafer thickness and lithography/etching precision. As the radius of a single silicon atom is as small as 110 pm, the variations in thickness are roughly in the range of \~0.1 nm in a distance of 300 *μ*m, and can be even larger over the whole wafer^[@CR47]^. As a result, the resonance misalignment is determined as 0.7 nm in the proposed size of OPA. Nevertheless, it is reported^[@CR45]^ that a resonance misalignment of 0.55 nm can be achieved in a 1700 *μ*m size by using a 0.13 *μ*m node with high-resolution optical lithography of 193 nm. This footprint is comparable with the proposed OPA (1.6 mm × 1.6 mm). As a result, we estimate that the resonance misalignment is about 0.7 nm, and it dominates the rising of the side-lobe, compared to the deviation of the Q factor and light intensity.

It should be noted, that the tolerance to the resonance misalignment can be improved by increasing the size of the system, as shown in Fig. [11](#Fig11){ref-type="fig"}. Because the OPA is a Fourier optics system, the phase noise of the near field can be averaged out in the far field by the interference of the optical emission over all pixels. Although the increased size occupies a larger footprint, which results in a more severe resonance misalignment (up to 1.5 nm over the whole 200 mm wafer^[@CR48]^), the tolerance to the resonance misalignment also remarkably improved. We believe that the resonance misalignment is not going to be a bottleneck of the system performance when increasing the size.Figure 11Monte Carlo simulations of the resonance wavelength error induced by the imperfections of fabrication, in which Δ*λ* is assumed to be a normal distribution with standard deviations of 0 to 1.7 nm, for system sizes of (**a**) 64 × 64; (**b**) 128 × 128.

Moreover, the resonance wavelength is sensitive to the temperature. To maintain the fluctuation of the resonance wavelength under 0.7 nm, the temperature has be stabilized within 7 °C^[@CR42]^. The temperature distribution across the entire array depends on the specific structural and thermal design of the device. Accurate control of the temperature at every individual EO pixel dramatically increases the complexity and cost of the electrical interconnection. We propose that an extra heating layer of titanium nitride (TiN) can be used to overspread on the layout, driven by the aluminum (Al) contacts, to maintain a constant temperature. The entire array can be divided into several regions with an independent heater in every region. Every region contains multiple rows and columns of EO pixels; therefore, the number of heating contacts can be reduced, while the temperature distribution can be controlled. Nevertheless, the wafer thickness is varying slowly across the wafer^[@CR47],[@CR48]^. In particular, the uniformity of the thickness is appropriate in a small area, but slowly changing in different regions of the wafer. This suggests that the resonance misalignment due to the variation of thickness can also be partially compensated by a TiN heater.

The field of view mainly depends on the size of the EO pixel. In our model design, each pixel is in a 50 *μ*m × 50 *μ*m footprint with a micro-ring radius of 10 *μ*m, which gives a field of view of 1.78°. A larger field of view can be achieved by using a smaller ring radius, which results in a smaller doping region and a more compact EO pixel, while the phase efficiency is similar. A micro-ring modulator with a radius of 2.5 *μ*m^[@CR49]^ has recently been reported. For our model OPA of 32 × 32 pixels, assuming a micro-ring radius of 2.5 *μ*m and a pixel size of 10 *μ*m the field of view can be maximally extended to 8.9°. Obviously, a smaller micro-ring radius also brings more challenges to the fabrication and integration. From a systematic point of view, we believe that the proposed pixel size is more practical for the demonstration of an operational OPA.

The proposed modularization can be easy extended to larger sizes without an exponential increase in complexity. Each EO pixel operates locally and independently, avoiding the layout problem of connecting the divided modulation and emission regions. Moreover, to support an *N* × *N* size of pixels, the number of light buses and control bus only linearly depends on *N*, which noticeably reduces complexity. However, the price to be paid is that the control bus only provides 2*N* degrees of freedom for phase manipulation, thus, it cannot generate an arbitrary phase pattern, such as in a holographic display, which requires *N* ^2^ degrees of freedom. Nevertheless, the proposed OPA is capable of realizing beam steering, which can be important for many applications, such as laser detection and ranging (LADAR), and free spatial communication.

Obviously, an independent and addressable control circuit can realize arbitrary phase patterns and it is also technically feasible. For instance, using a 3D integration technology, multiple metal contact layers can be vertically bonded on SOI chips^[@CR50]^, which facilitates the layout of interconnections. The complexity of an addressable control circuit increases exponentially with the size of the system. As a result, a balance between complexity and functionality has to be found. The row/column control bus can be more practical to demonstrate an operational OPA for beam steering.

Conclusion {#Sec11}
==========

In this work, a modularized architecture of a SOI-based OPA system using EO pixels has been presented. The pixel contains an evanescent coupler, a micro-ring phase shifter, and a grating optical antenna, on a compact size of 50 *μ*m × 50 *μ*m. A light bus and control bus scheme is used to distribute the optical powers and control signals to each pixel, and the complexity of its interconnections only linearly depends on the number of rows and columns. Moreover, we discuss the functionalities and characteristics of the key components, and provide useful details for the OPA design.

Furthermore, we present a model design of an OPA consisting of 32 × 32 EO pixels, which sets the width of the main lobe to 0.04° × 0.04° and the field of view as 1.78°. The micro-ring operates under an over-coupled condition to balance the modulation efficiency and the accompanying intensity modulation, which can potentially degrade the performance of the OPA. We validated that a change in peak intensity of 1.5 dB is acceptable. For the evaluation of the robustness of the proposed architecture, we present a series of Monte Carlo simulations on the variation of power inequities, resonance wavelengths, and Q factors. The discussion on the tolerance to the imperfections of fabrication shows that the proposed architecture is feasible regarding the state-of-the-art fabrication process. The performance of the main lobe width and field of view can be further optimized by larger system size and smaller pixel size. In addition, the modularized architecture can be readily extended to larger sizes without an exponential increase in complexity and cost of the interconnections.

The proposed architecture can be a promising choice to realize a large-scale OPA by integrating a large number of pixels into a single, compact, and low-cost chip. Owing to the speed of the EO modulation mechanism, such an OPA architecture has a significant advantage in terms of response time over a conventional OPA, based on low-speed MEMS and TO phase shifters, which can be important in several applications.

Electronic supplementary material
=================================

 {#Sec12}

Supplementary Information

**Electronic supplementary material**

**Supplementary information** accompanies this paper at 10.1038/s41598-017-18040-3.

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This work was supported by the National Natural Science Foundation of China (NSFC), under grant Nos 61320106001 and 61575002.

In this work, C.Z. developed the numerical simulations, experimental tests, and wrote the manuscript. C.P. contributed to the system performance analysis, tolerance evaluation, and manuscript revisions. W.H. devised the system architecture.

Competing Interests {#FPar1}
===================

The authors declare that they have no competing interests.
